We report a pulsed singly-resonant optical parametric oscillator (OPO) based on the new nonlinear crystal, orientation-patterned gallium phosphide (OP-GaP). Pumped by a Q-switched Nd:YAG laser at 1064 nm, and using a 40-mm-long OP-GaP crystal with a single grating period of =16m, the OPO generates signal and idler output across 1.6-1.7 μm and 2.8-3.1 μm, respectively, under temperature tuning. For an average pump power of 4.8 W at 50 kHz pulse repetition rate, mid-infrared idler powers of up to ~20 mW have been obtained at 2966 nm with high output stability. For pump pulses of ~13 ns duration, the OPO generates ~6 ns output signal pulses. From temperature-dependent wavelength tuning measurements at two different pump powers of 4.2 W and 1.2 W, a discrepancy of 11-17 ºC in the internal crystal temperature is estimated, implying that the OPGaP sample suffers from increasing thermal effects at higher pump powers due to absorption. © 2018 Optical Society of America OCIS codes : (190.4360) Nonlinear optics, devices; (190.4400) Nonlinear optics, materials; (190.4970 Optical parametric oscillators (OPOs) are now firmly established as viable sources of widely tunable coherent radiation from the ultraviolet to mid-infrared (mid-IR), operating in all time-scales from the continuous-wave to few-cycle ultrashort pulses [1] [2] [3] . They represent attractive sources for a variety of applications including supercontinuum generation, trace gas sensing, and study of structured beams [4] [5] [6] . Based on quasi-phase-matched (QPM) nonlinear crystals, in particular MgO-doped periodically-poled LiNbO3 (MgO:PPLN) and stoichiometric LiTaO3 (MgO:sPPLT), OPOs have been extensively developed and investigated in recent years in different device configurations and time-scales [7] [8] [9] [10] .
Optical parametric oscillators (OPOs) are now firmly established as viable sources of widely tunable coherent radiation from the ultraviolet to mid-infrared (mid-IR), operating in all time-scales from the continuous-wave to few-cycle ultrashort pulses [1] [2] [3] . They represent attractive sources for a variety of applications including supercontinuum generation, trace gas sensing, and study of structured beams [4] [5] [6] . Based on quasi-phase-matched (QPM) nonlinear crystals, in particular MgO-doped periodically-poled LiNbO3 (MgO:PPLN) and stoichiometric LiTaO3 (MgO:sPPLT), OPOs have been extensively developed and investigated in recent years in different device configurations and time-scales [7] [8] [9] [10] .
However, practical operation of OPOs at wavelengths beyond ~4 μm is precluded by multiphonon absorption in such oxide-based crystals. Hence, access to longer wavelengths requires non-oxide nonlinear materials with extended transparency in the mid-IR. Among these, ZnGeP2, orientation-patterned GaAs, and more recently, CdSiP2, have been successfully exploited for the development of mid-IR OPOs in different time-scales at wavelengths beyond ~4 m [11, 12] . Another most recently introduced non-oxide alternative is the QPM semiconductor crystal, orientation-patterned gallium phosphide (OP-GaP). It is a promising candidate for mid-IR generation, owing to a large nonlinearity (d14=70.6 pm/V) [11] , flexible QPM design allowing convenient temperature and grating tuning, and very importantly, a wide infrared transparency extending from as low as ~1 μm up to ~12 μm [13] , which enables direct OPO pumping using wellestablished, widely available, and cost-effective solid-state and fiber lasers at ~1.06 m.
Earlier reports on nanosecond frequency conversion sources based on OP-GaP include a pulsed OPO pumped by a Ho:YAG laser at 2090 nm, generating 350 mW of signal plus idler at 3540 nm and 5100 nm [14] . A pulsed OPO pumped by a Nd:YVO4 laser at 1064 nm was also reported, providing tunable signal and idler across 1385-1361 nm and 4591-4876 nm, respectively, with 15 mW at 1382 nm and 4 mW at 4624 nm [15] . To achieve successful operation, both OPOs were configured as doubly-resonant oscillators (DROs), characterized by low pump power threshold. We also reported a pulsed nanosecond mid-IR source based on difference-frequency-generation (DFG) in OP-GaP, providing tunable output across 2548-2781 nm, with highest average power of 14 mW at 2719 nm at 80 kHz repetition rate [16] . We further demonstrated optical parametric generation (OPG) in OP-GaP pumped by a nanosecond Nd:YAG laser at 25 kHz, resulting in a highest total power of ~18 mW and a temperature tuning range of 1721-1850 nm for signal and 2504-2787 nm for idler [17] . In this letter, we describe what we believe to be the first nanosecond pulsed OPO in singly-resonant oscillator (SRO) configuration based on OP-GaP. Pumped by a pulsed Nd:YAG laser at 1064 nm and 50 kHz repetition rate, the OPO delivers signal and idler output across 1.6-1.7 μm and 2.8-3.1 μm, respectively, through temperature tuning, using a single grating period. Wavelength shifts of the signal and idler in temperature tuning curves are observed at different pump power levels, revealing that the OP-GaP crystal suffers from thermal effect due to absorption. We achieve a maximum OPO idler output power of ~20 mW at 2966 nm at 50 kHz pulse repetition rate with good power stability.
The schematic of the experimental setup for the OP-GaP OPO is shown in Fig. 1 . The pump laser is a linearly polarized, Q-switched Nd:YAG laser at 1064 nm, which has been described in more detail elsewhere [16] . Here, we use a repetition rate of 50 kHz resulting in a full-width at half-maximum (FWHM) pulse duration of ~13 ns, providing a modest peak power for parametric gain, while suppressing excess single-pass OPG in the oscillator. The pump beam propagates through a half-wave plate and a polarizing beamsplitter (PBS) for power attenuation, with a second half-wave plate providing polarization control for optimum nonlinear efficiency in the cubic OP-GaP crystal, according to our earlier polarization studies [18] . The OPO is formed by two plane mirrors with a minimum separation of 78 mm, resulting in a compact cavity limited in length by the physical dimension of the oven housing the OP-GaP crystal. The cavity length allows ~25 round-trips of the signal over the ~13 ns pump pulse duration. The mirrors are highly transmitting for the pump (T>90% at 1064 nm) and idler (T>80% over 2.2-4.0 μm), while highly reflecting for the signal (R>99% over 1.3-1.9 μm), thus ensuring SRO configuration for the signal wave. The OP-GaP sample is 40-mm-long, 6-mm-wide, 1.7-mm-thick, with a single grating period of Λ=16 μm. The end-faces of the crystal are AR-coated (R<5%) at 1064 nm and 1500-1900 nm, with high transmission (T>75%) over 2700-3100 nm. Using a lens of focal length, f=250 mm, the pump beam is focused to a waist radius of w0p~104 μm inside the grating layer of the OP-GaP crystal, resulting in a focusing parameter ξp~0.21. An infrared long-pass filter with a cut-on wavelength of 2.4 μm is used to extract the idler power for measurement. A photograph of the OPGaP OPO is shown in the inset of Fig. 1 . Initially, we investigated the temperature tuning characteristics of the OP-GaP OPO. By monitoring the non-phase-matched sumfrequency-generation (SFG) between the pump and signal using a sensitive visible spectrometer with a resolution of 0.5 nm (Ocean Optics, HR4000), we were able to estimate the signal and idler wavelengths. Using an average pump power of 4.2 W at 50 kHz repetition rate, by varying the temperature of the OP-GaP crystal from 50 ºC to 180 ºC in steps of 10 ºC, we were able to tune the OPO across 1612-1700 nm in the signal and 2845-3130 nm in the idler, as shown in Fig. 2 . We then reduced the pump pulse repetition rate to 25 kHz, thus lowering the pump average power to 1.2 W to minimize any thermal effects in the OP-GaP crystal, and recorded the non-phase-matched SFG output wavelength at each temperature. Under this condition, the signal could be tuned across 1620-1712 nm, with the idler tunable over 2812-3101 nm, as also shown in Fig. 2 . As evident, there is significant difference in the tuning data at the two different pump powers and repetition rates. Both sets of measurements result in a wavelength tuning rate of about 0.7 nm/ºC for the signal and 2.2 nm/ºC for the idler. However, the signal wavelengths for the pump power of 4.2 W are 8-12 nm shorter than those for the pump power of 1.2 W at each temperature across the tuning range. Given the signal tuning rate of 0.7 nm/ºC, this means that the internal temperature of the OPGaP crystal pumped at 4.2 W is about 11-17 ºC higher than when pumped at 1.2 W, indicative of significant thermal effects in the OPGaP crystal, which is attributed to strong pump absorption, as also observed previously [17] . In addition, due to reduced thermal effects, signal and idler wavelengths obtained with 1.2 W pump power are closer to the theoretical tuning curves calculated from the relevant Sellmeier equations [15] , represented by the solid lines in Fig. 2 . Also shown in the inset of Fig. 2 are the signal spectra across the temperature tuning range below 1.7 μm, measured using a near-IR spectrometer based on InGaAs linear array sensors (Radiantis, SeaWave) with a ~1 nm resolution, and using an output coupler (T~5% over 1100-1600 nm) in place of M2 to extract a fraction of signal wave out of the OPO cavity. The signal spectra have FWHM bandwidths of 4.5-6 nm across the tuning range.
The idler average power and the corresponding pulse energy of the OP-GaP OPO for a pump power of 4.51 W (90.2 μJ) at 50 kHz across the tuning range are shown in Fig. 3 . The idler power varies from 15.1 mW (0.3 μJ) at 2845 nm to 13 mW (0.26 μJ) at 3089 nm, as the temperature of the crystal is increased from 50 ºC to 160 ºC, with the highest power of 17.5 mW (0.35 μJ) recorded at 2919 nm. During the temperature scan of the OP-GaP crystal, we observed significant displacement of the transmitted pump beam in the vertical direction, consistent with our previous observations [17] .
This temperature-dependent beam shift in OP-GaP can lead to a deviation of the pump beam from the thin QPM layer. Thus, in order to maintain OPO resonance and ensure maximum idler power over the widest temperature range, we made small adjustments to the height of the OP-GaP crystal and the cavity alignment at each temperature. Further, in order to minimize the degradation due to the temperature dependent beam shift, sufficient time was spend while making each measurement of the wavelength as well as idler power, for the beam to reach a steadystate condition. We also performed power/energy scaling of the OP-GaP OPO at 50 kHz pump pulse repetition rate and at a crystal temperature of 100 ºC, corresponding to an idler wavelength of 2966 nm. The results are shown in Fig. 4(a) , where it can be seen that by increasing the average pump power up to 4.81 W (96.2 μJ), the OPO idler power can be scaled up to 19.9 mW (0.4 μJ) with a slope efficiency of 1.27%. As a comparison, by removing the OPO output mirror, M2, we could observe single-pass OPG from the OP-GaP crystal, providing an idler output power up to 2.5 mW (0.05 μJ) for a pump power of 4.76 W (95.2 μJ), at a slope efficiency of 0.15%. As can be seen from Fig. 4(a) , while the threshold for the OPG and OPO are almost identical, the deployment of the optical cavity results much higher slope efficiency, leading to a ten-fold increase in extracted idler power. We further performed transmission measurements of the OP-GaP sample for the pump at 1064 nm at the same crystal temperature and pulse repetition rate, with the result shown in Fig. 4(b) . When the input pump power is increased from 1.21 W to 4.76 W, the transmitted pump power through the OP-GaP crystal follows an almost linear increase from 0.23 W to 0.785 W resulting in an average transmission of ~16% in the grating layer for the pump laser at 100 ºC and 50 kHz pulse repetition rate. Such a low crystal transmission for the pump is the major contribution to the relatively low conversion efficiency of the OPO. The low transmission of the present OP-GaP sample could be due to absorption resulting from possible diffusion of impurities from the GaP substrate wafer into the hydride vapor phase epitaxy (HVPE)-grown QPM layer or due to the silicon impurities originated during fabrication.
With the OPO operating at 50 kHz repetition rate, we were able to observe parasitic red light generated from the OP-GaP crystal. To understand the origin of the non-phase-matched nonlinear processes, we measured the spectrum of the parasitic visible light using a sensitive spectrometer and a short-pass filter with a cut-off wavelength of 850 nm (Thorlabs, FES0850) at a crystal temperature of 100 ºC. As shown in Fig. 5 , there are three spectral lines recorded around 648 nm, 780 nm and 833 nm, representing SFG between the pump and signal, SFG between the pump and idler, and second-harmonic-generation (SHG) of the signal, respectively. By removing the OPO output mirror, M2, we observed a reduction in the intensity of the SFG spectra while still visible, whereas the SHG of the signal completely disappeared, implying the generation of the SHG of the signal is only due to the enhanced intracavity intensity in the OPO. We also recorded the far-field intensity distribution of the idler at 2966 nm and maximum output power using a pyroelectric camera, with the results shown in the inset of Fig. 5 , indicating a single-peak Gaussian distribution. By replacing the OPO output mirror, M2, with a signal output coupler (T~5% over 1100-1600 nm), we were also able to extract a fraction of signal power for pulse measurements. Using a fast Si detector (Thorlabs, DET025A/M) and a fast InGaAs detector (Alphalas, UPD-5N-IR2-P), together with a digital oscilloscope with a bandwidth of 3.5 GHz, we measured the typical pulse shapes of the transmitted pump and the generated signal simultaneously at 50 kHz repetition rate and at the highest pump power level of 4.8 W. Considering the low conversion efficiency, and hence low pump depletion, we can assume that the pump pulse shape does not change significantly after propagation through the OP-GaP crystal, as verified in Fig. 6 . The pump pulses at 1064 nm have a duration of 12.8 ns, while the generated signal pulses at 1659 nm have a duration of 5.7 ns, which is shorter than that of the pump, as expected. From the simultaneous measurement, we also clearly observe the characteristic delay between the pump pulse and the generated signal pulse, corresponding to the rise time of ~9.5 ns for the OP-GaP OPO. The periodic modulation in the pump pulse, also replicated in the signal pulse profile, is attributed to longitudinal mode beating in the pump laser. Fig. 6 . Simultaneously measured pulse shapes of the transmitted pump and generated signal for the OP-GaP OPO at 50 kHz repetition rate. Further, we investigated the passive long-term power stability of the idler output from the OPO compared with that of the input pump laser, with the results shown in Fig. 7(a) and (b) . The measurements were performed at an OP-GaP crystal temperature of 100 ºC and for a pump power of 4.81 W at 50 kHz repetition rate. The idler power from the OPO exhibits a passive power stability of 0.92% rms with a mean value of 20.06 mW at 2966 nm over 1 hour, compared with a stability of 0.17% rms for the input pump over the same measurement period.
In conclusion, we have demonstrated what is to our knowledge the first nanosecond pulsed singly-resonant OPO based on OP-GaP crystal. Pumped by a Q-switched Nd:YAG laser at 1064 nm, the OPO generates signal and idler waves across 1.6-1.7 μm and 2.8-3.1 μm, respectively. From temperature-dependent wavelength tuning measurements at two different pump powers of 4.2 W and 1.2 W, a discrepancy of 11-17 ºC in the internal crystal temperature across the tuning range is estimated, implying that the 40-mm-long OP-GaP sample suffers from increasing thermal effects at higher pump powers due to absorption. The OPO can provide idler power up to ~20 mW (0.4 μJ) at 2966 nm with a good power stability of 0.92% rms over 1 hour. The signal pulses at 1659 nm, extracted using a 5% output coupler, have typical duration of 5.7 ns, shorter than the 12.8 ns pump pulses, as expected. From simultaneous pulse measurements, the rise time of the OP-GaP OPO at the highest pump power level is ~9.5 ns. As a promising mid-IR nonlinear crystal, higher transmission, better uniformity and larger aperture size of the grating layers in OP-GaP crystals are expected for further improving the performance of nanosecond OP-GaP OPOs, also providing the possibility of achieving efficient operation in other time-scales.
